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Layers of genomic encoding

* DNA sequence DNA-seq, RNA-seq, ChIP-seq
— Encoding into sequence: genes, exons, intro

enhancers (unclear), transcription factor binding sites

GATCTTAAACATTTATTCCCCCTGCAAACATTTTCAATCATTACATTGTCATTTCCCCTCCAAATTAAAT
TTAGCCAGAGGCGCACAACATACGACCTCTAAAAAAGGTGCTGTAACATGTACCTATATGCAGCACCACT
ATATGAGAGCGGCATAGCAGTGTTTAGTCACTTGGTTGCTTTGTTTATATTAACTTGAAAGTGTGTTTTA
GCTATTGAGTTTAAACAAAGGGAGCGGTTTACATTGAATTAAAGGCAACTACTGATGGGTTGTGTAATGT
TTCAAAGAGCTGTTGCAGCATGAGTGGAAAATAAAACCGTATTAGTGCTGCCTGGCCCAGTTTGGCACAA
AATGGAGCGATTCCATTAAGAGAACGATTCAGCATAAGTGGAACAGCTAAAGTTTATGAAAATTTTTAAT
CTGGATGTAGAGAATCTCATAACACAGAAACAGCACTCCTAAAGATGCATTTATACTTCTGCATAGAGCA
CACAAGTATGCTTCAGCACAACCTGTGCATGGTCACATAGCCCTTGCTGTGGCAGTCAGACAATGATGCA
CACCTCAATGAATAGAGCAAGCTGTGATTGGTCAGCTTTGTAC v | o | & ] o |
CATCTTCAGTCAGTAATTTGGGGGCCATGTCTGACAGCAACCT '
AACTCAATTTCTTCATCGTAATGTTGCCAAAATGACGAGCTATC
ATGCTTTCATTACCTCTCGGTTAGACTACTGTAATGAGTTACTA
CAAACTGCAGCTGGTTCAAAATGCAGCTGCTGGAGTGCTTTC | =
TCTTTCATCGGTGCATTGACTCCCATTAAATATI TAATTTACAAT |

GECCAGTATTTGAGGGAGCTCCTGGTGTATT |
AZC AAG ACCCﬁ TCTACATATTGATCCTGAAGGGT

0 FNC‘OQU’)QN

- Hidrophobic - Imino
Hidrophobic - Aromatic

Hidrophobic - Al!phallc- Polar - Naeutral
Polar - Acid




Layers of genomic encoding

vinase-seq,

* DNA marks: Epigenomics Hi-C, Hi-3C and more....
—Methylations, histone modifications, chromatine packaging

“““““ TTTCAATCATTACATTGTCATTTCCCCTCCAAATTAAAT
Methylated Histone H3 AAAAAAGGTGGTGTAACATGTACCTATATGCAGCACCACT
CTTGGTTGCTTIGTTTATATTAACTTGAAAGTGTGTTTTA

ACATTGAATTAILAGGCAACTACTGATG STTGTGTAATGT
AATAAAACCGT/ ITAGTGCTGCCTGGC( \GTTTGGCACAA
5 AGCATAAGTG( \ACAGCTAAAGTTTAT \AAATTTTTAAT
Q! arginine CAGCACTCCTA AGATGA ATTTATACTT  GCATAGAGCA
GTCACATAGC<<TTGCl |TGGCAGTCAGACAATGATGCA
GTCAGCTTTGTAGAGCTUACGTGTGCCCTAACCTAGTCCT
TGACAGCAACCTGTGTAAGGCCAGATGAAGCATCTGTAA
ATGACGAGCTATCAATAACTGATGCAGAAAAGCTTATTC

AATGAGT CTAGGCGGATGCCCTGCCGGCCTCACTAA

ety lysine TGGAGTG TTCTAGAACTAAGAAATCACAGTA TCTAGT

mcludmg methylation of Histone H3, acetylation ATTTAATTT  AATGTTAGTGTTTAAGTACAAAAGRCTC

of Histone H4, and phosphorylation of Histone CTCCTGGT [ATTATAGAGCATGAGATTGATTCTENTAAG
e ATCCTGAAGGGTCAGTCTGTACACCAGCCGGT( ACCTCT

b
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Representation of all layers of genome encoding



Foundation models (FMs) in genomics

* to learn generalizable features from unstructured whole o
genome data Task 2

* fine-tune for a number of tasks

— location and function of genes TS
Task 1
— regulatory elements Adaptation
— analyzing the evolution of specie .
“model
DNA sequences are orders of magnitudes i
longer (e.g. the human genome is 3.2 Billions Data
of nucleotides) with long-range dependencies Data Data -
. - Data
and interactions that span over 100K+ Data

nucleotides in length

Conceptual illustration of a foundation model for multiple
specific tasks. Credit: Debbie Maizels/Springer Nature



Genome analysis

DNABERT: pre-trained Bidirectional Encoder
Representations from Transformers model for
DNA-language in genome

Yanrong Ji"', Zhihan Zhou?', Han Liu®** and Ramana V. Davuluri ® 3*

'Division of Health and Biomedical Informatics, Department of Preventive Medicine, Northwestern University Feinberg School of
Medicine, Chicago, IL 60611, USA, 2Department of Computer Science, Northwestern University, Evanston, IL 60208, USA and

3Department of Biomedical Informatics, Stony Brook University, Stony Brook, NY 11794, USA
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DNABERT

Pre-training: mask contiguous k-length spans of certain

k-mers, (total ~15% of input sequence) - inferred from the

immediately surrounding k-mers

Fine-tuning: no masking step, the tokenized sequence is

directly fed to the Embedding layer.

Classification results of

Classification result of
(b) each masked token

original sequence

Sentence-

t 1

level Classification Classification Token-lgvel
Classifier Layer Layer Classifier
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Forward
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1 Tokenize
s‘:::g;’;fe AGCACTGCTATCATGCTTGCAG

DNABERT first takes a set of sequences

represented as k-mer tokens as input
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(e GQ-DNABERT reveals GQ proximal enhancer-promoter
- T interactions associated with tissue-specific transcription
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HyenaDNA: Long-Range Genomic Sequence
Modeling at Single Nucleotide Resolution

Eric Nguyen*!, Michael Poli*!, Marjan Faizi**,
Armin W. Thomas!, Callum Birch Sykes®, Michael Wornow!, Aman Patel’,
Clayton Rabideau®, Stefano Massaroli*, Yoshua Bengio?, Stefano Ermon?,
Stephen A. Baccus'', Christopher Ré!

arXiv November 15, 2023

HyenaDNA, a genomic foundation model pretrained on the human
reference genome with context lengths of up to 1 million tokens at the
single nucleotide-level — an up to 500x increase over previous dense
attention-based models.

HyenaDNA scales sub-quadratically in sequence length (training up to
160x faster than Transformer), uses single nucleotide tokens, and has full
global context at each layer.



[Submitted on 5 Mar 2024 (v1), last revised 5 Jun 2024 (this version, v2)]

Caduceus: Bi-Directional Equivariant Long-Range DNA Sequence
Modeling

Yair Schiff, Chia-Hsiang Kao, Aaron Gokaslan, Tri Dao, Albert Gu, Volodymyr Kuleshov

Building towards Caduceus
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Evo-2 — camMbin bonbLluon “Chat-GPT” B
reHOMUuKe

Bblyunna
9,3 TpunnuoHa nap AHK 128 000 |
OpraHM3mMoB wiopdd |

The largest Evo 2 model was trained using 2,048 NVIDIA H100 GPUs using NVIDIA DGX Cloud . As part
of NVIDIA's partnership with Arc.



https://www.nvidia.com/en-us/data-center/h100/
https://www.nvidia.com/en-us/data-center/dgx-cloud/
https://arcinstitute.org/news/news/arc-nvidia

AlphaGenome: advancing regulatory variant effect prediction
with a unified DNA sequence model

Ziga Avsec, (2 Natasha Latysheva, (2) Jun Cheng, (2 Guido Novati, {2} Kyle R. Taylor, (2 Tom Ward, (2 Clare Bycroft,
Lauren Nicolaisen, = Eirini Arvaniti, °' Joshua Pan, "2 Raina Thomas, "2’ Vincent Dutordoir, " Matteo Perino,
Soham De, & Alexander Karollus, “=) Adam Gayoso, "=’ Toby Sargeant, "2/ Anne Mottram, "=’ Lai Hong Wong,

Pavol Drotar, ©2) Adam Kosiorek, *=" Andrew Senior, Richard Tanburn, “' Taylor Applebaum, "' Souradeep Basu,
Demis Hassabis, "2’ Pushmeet Kohli

doi: https://doi.org/10.1101/2025.06.25.66 1532

AlphaGenome employs an encoder-decoder framework that integrates convolutional and transformer
components, drawing inspiration from models such as Enformer2 and Borzoi3. It introduces several key
architectural features, including a U-Net-style decoder incorporating residual (skip) connections from the
encoder. The model processes information through five core components: (1) a sequence encoder, (2) a
transformer tower, (3) pairwise interaction blocks, (4) a sequence decoder, and (5) task-specific output
heads. AlphaGenome has approximately 450 million trainable parameters (20% in the encoder, 28% in
the sequence transformer, 15% in the pairwise blocks, 25% in the decoder, and 12% in the output
embedding and prediction heads). The model was implemented using JAX72 and Haiku73.



d Input 1 Mb DNA sequence
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OmicsFUSION: A Pretrained Hyena-Based Framework for Encoding,
Reconstruction, and Representation of the Omics and DNA Data

Nazar Beknazarov'*, Nikita Pavlichenko!, Artem Bashkatov', Maria Poptsova', Alan Herbert'-

International Bioinformatics Laboratory, HSE University, Moscow, Russia
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bioRxiv preprint doi: https://doi.org/10.1101/2025.09.05.674329

2InsideOutBio, Charlestown, MA, USA
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Deep FC

~1000
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~1000
OMICS-DNA Masking features

Task — to reconstruct data in autoregressive manner

To reconstruct two types of masking:

* Token masking

* Omics masking




376 -768
dim

Omics

2 S > < S
30 =l j . *
5T & @ Omics Head 5
features ¥ € ® ~ £
n
L= 216 * |_=Y216
DNA = Conv.
embeddings }X L Block
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DNA6bp @OOODO .+ o os o so.. DNA Head A
o
tokens X
EREORONUANELE * * ° Hyena Embeddings Decoder
L = 9l6 Model Table Model

Non-Masked Masked Non-Masked Masked Non-Masked Masked Non-Masked Masked

Name Token Token Omics Omics Omics Omics Omics Omics
Acc. Acc. Acc. Acc. F1 F1 ROC AUC ROC AUC
hg38_384 0911 0.368 0.997 0.996 0.685 0.590 0.996 0.991
hg38.512 0913 0.388 0.998 0.998 0.714 0.573 0.997 0.992
hg38_.768 0.915 0.403 0.998 0.997 0.741 0.560 0.998 0.993
mml10_384 0.908 0.352 0.993 0.989 0.812 0.637 0.996 0.960
mml0_512 0911 0.368 0.994 0.988 0.839 0.629 0.998 0.980
mml0_768 0.913 0.389 0.994 0.992 0.848 0.666 0.998 0.988

Table 3: Evaluation metrics for different models on hg38 and mm10 datasets. Accuracy, F1, and ROC AUC are reported for
both masked and non-masked omics regions reconstruction and DNA token reconstruction tasks. All metrics are calculated on

test set.



What shall we do with this model?

* Learn tissue-specific regulatrory regions

* Learn how to launch tissue-specific regulatroy
programs

* Learn how to launch developmental programs

* Generate tissue- or state-specific programs

Work in
progress....
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